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INTRODUCTION
Colorectal cancer is the third most common cancer worldwide and the fourth most common cause of oncological death [1] . Although using the epidermal growth factor receptor in therapies targeting colon cancer has improved the survival rate of patients, this type of cancer is still the second leading cause of deaths in men and the third in women in the United States according to cancer statistics [2] [3] [4] [5] . Thus, more effective therapy targets need to be found.
Immunoglobulin (Ig), also classically known as an antibody, consists of two identical heavy chains (IgHs) and two identical light chains (IgLs) arranged in a roughly Y-shaped configuration [6] . Structurally, each IgH or IgL chain has its own unique viable region, which is a crucial structure that enables Igs to specifically recognize antigens, and a C-terminal conservative constant region that specifies the effector functions of the molecule [6] . The primary diversification of Ig occurs during assembly of the variable region, a process called V(D)J recombination [6] . The variable region of a heavy chain is assembled from component variables (V), diversity (D), and joining (J) gene segments and then combined with a constant region that determines the class of Ig [IgA(α), IgD(δ), IgE(ε), IgG(γ) and IgM(μ)]. Similarly, κ and λ light chains are composed of rearranged V and J gene segments [7] . After being challenged by an antigen, the variable region of Ig undergoes somatic hypermutation (SHM) that introduces point mutations into the V region antigen-binding pocket, further boosting its affinity for a particular antigen [6] ( Figure 1A ). Thus, Ig can initiate specific immune responses against antigens by generating a nearly infinite diversity of antigen receptors within the constraints of a finite genome [8] . Traditionally, Ig is believed to be produced only by B lymphocytes. However, our research group and others have confirmed that non-B cells [9] [10] [11] , especially epithelial cancer cells (such as human lung, breast, colon, liver, cervical and oral cancer cells), can also produce Ig, including IgG, IgM and IgA [12] [13] [14] [15] [16] [17] . The non B cell-derived Igs (non B-Ig) displayed several unique features, such as a conservative V(D)J usage and mutation patterns among the same lineage. Moreover, the cancer cell-derived Ig (Cancer-Ig) showed unique glycosylation modification [18, 19] . Mechanistically, cancer cell-derived Ig is involved in the proliferation of cancer cells [20, 21] , cancer cell invasion and metastasis [19, [22] [23] [24] . These findings suggest that non-B-Ig performs a different function from B-Ig. Specifically, the Cancer-Ig acts as an oncogene in cancer development; thus, there is an increased need to get a full picture of the characteristics of Cancer-Ig sequences for both basic research and clinical application.
In this study, we used immune repertoire sequencing (IR-Seq), which avoided the depth restriction of Sanger sequencing. We completed analysis of the IgH repertoire in 7 samples of epithelial cancer cells and counterpart 7 control samples from the surgical edge of resected colon tissues (taken as normal colonic epithelial cells) in patients with colorectal cancer. Our results confirmed individually biased Ig repertoires with the presence of SHM in colon cancer, which could be recognized as an indicator of their potential as neoantigen and therapeutic targets.
MATERIALS AND METHODS
Patient samples
Cancer tissue and normal tissue from the surgical edge of resected colon were obtained from patients at Peking University Peoples' Hospital with written informed consent. The study was conducted according to an institutional review boardapproved protocol and was approved by the Clinical Research Ethics Committee of Peking University Peoples' Hospital.
Cell sorting
To obtain cancer cells and normal epithelial cells, tissues were first cut into small pieces (approximately 1 mm 3 ) and washed with 1 × PBS. Epithelial cells were separated from the tissue by incubating for 1 h at 37 °C with shaking in 1 × PBS supplemented with 5 mmol/L EDTA and 5 mmol/L DTT. Digested epithelial cells were then dissociated by gentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) and filtered through nylon mesh. Cells were then washed in 1 × PBS with 2% fetal bovine serum (FBS) (10099141, Gibco, USA) 3 times, blocked in 1 × PBS with 5% FBS for 30 min at 4 °C, and stained for 30 min at 4 °C with anti-human CD19 (11-0199-41, eBioscience, USA) and anti-human epithelial cell adhesion molecule (EpCAM) eBioscience 
Sample preparation for IR-Seq
Total RNA of sorted epithelial cancer cells and normal colonic epithelial cells were extracted by TRIzol Reagent (15596018, Life Technology, USA). Primer sets for IgH (iRepertoire Inc.) were used to perform two rounds of polymerase chain reaction (PCR) under the reaction conditions specified by iRepertoire ® (Huntsville, AL, USA). During the first round, reverse transcription was completed and nested gene-specific primers that were complementary to V and C genes were used to introduce barcodes and sequencing primers into PCR products. The second round of PCR was carried out using communal (sequencing) primers for exponential amplification. Therefore, the entire repertoire was amplified evenly and semiquantitatively, without introducing additional amplification bias ( Figure 1C ). The DNA concentration of eluted PCR products were measured and 100 ng of DNA was pooled for sequencing. The following sequencing using the 2 × 250 bp Illumina MiSeq platform were performed by Novogene Corporation (Beijing, China). 
Data analysis
iRepertoire ® provided basic data analysis such as barcode demultiplexing and filtering, V(D)J alignment, and CDRs identification. For SHM analysis, filtered DNA sequences were uploaded to the IMGT/High V-Quest web-based analysis tool. The IMGT mutation analysis files were used to calculate mutant rates and find SHM hotspots. Data rendering and mapping was completed with GraphPad Prism5 software.
Statistical analysis
All data were analyzed with GraphPad Prism software and presented as a mean ± SD or SEM. Statistical significance was determined by the two-tailed paired or unpaired Student's t-test, with significance level of P < 0.05, P < 0.01, P < 0.001, P < 0.0001, and ns, not significant (P > 0.05).
RESULTS
IgG can be preferentially expressed in colon cancer cells
We obtained cell samples from 7 patients, who were diagnosed with colon adenocarcinoma (Table 1) . EpCAM + epithelial cancer cells and normal epithelial cells were sorted by flow cytometry. Total RNA was extracted and reverted to cDNA. All five classes of IgH and their Ig repertoires were amplified by multiplex PCR and sequencing by IR-Seq ( Figure 1A and B). We have captured the IgH expression from 5 pairs of colon cancer cells and normal cells of corresponding noncancerous tissue samples, and unpaired colon cancer cells of 2 tissue samples. We first analyzed the expression profile of IgH in the cancer cells and normal cells and found that all classes of IgH were expressed in colonic epithelial cells, but IgA and IgG appeared most frequently. Next, we compared the expression profile of IgH between 5 pairs of colon cancer cells and normal cells. We found that the normal epithelial cells could express all classes of IgH, among which IgA showed the highest frequency (5/5, mean proportion: 46.00%), followed by IgG (5/5, mean proportion: 28.35%), IgM (4/5, mean proportion: 13.77%) and IgD (4/5, mean proportion: 11.86%); however, IgE was rarely observed (3/5, mean proportion: 0.02%). Unexpectedly, the colon cancer cells mainly expressed IgG. The average percentage of IgG was significantly higher in cancer cells (86.68%) than in normal cells (28.35%) ( Figure 1C and D).
IgH repertoire in cancer cells displayed unique features
We compared the features of IgH repertoires between cancer cells and normal epithelial cells by analyzing the complementarity determining region 3 (CDR3) pattern of the variable region, which can represent the V H DJ H usage of each Ig. As with our previous findings [25] , all IgH repertoires from both cancerous and normal cells showed restricted V H DJ H patterns compared with the great diversity of IgH in B cells [26] (Figure 2A ). However, in each case, cancer cell-derived IgH showed different IgH repertoire profiles compared to the normal epithelial cells (Table 2) . Subsequently, we genetically analyzed the distribution feature of IgH expressed in cancer and normal epithelial cells. Unlike the Ig V H segments expressed in B cells that randomly distribute in the Ig chromosome, the proximal V H s, which were closer to J H segments in genomic sequence, were more frequently expressed in cancer cells than in normal cells (53.78% vs 38.92%) ( Figure 2B ), suggesting that cancer cells prefer to use these V H segments that appeared earlier in our evolution. In addition, according to the sequence characteristics, IgH can be divided into 7 families [27] . Obviously, both cancer and normal epithelial cells preferred to use V H 3 segments which was consistent with B cell-expressed IgH (B-IgH) [28] ; however, V H 3-7 was usually used by cancer cells, and V H 3-74 was frequently used by normal epithelial cells (Figure 2C and D) . We also analyzed the J H usage, and found that, unlike B cell-expressed IgH, which mostly preferred J H 4 and J H 6, both cancer and normal epithelial cells preferred to use J H 4 and J H 5 ( Figure 2D ). The results suggest that there are diverse mechanisms of Ig gene rearrangement between B cells and colonic epithelial cells.
V H DJ H rearrangements displayed unique feature in cancer cells
V H DJ H rearrangement pattern represents the characteristic structure of each Ig heavy chain. We first explored V H DJ H rearrangement patterns in each sample, and the top 10 V H DJ H patterns of both cancer cells and normal cells in each case are listed in Table 2 . Next, we investigated if there are some dominant V H DJ H patterns shared by most cancer cells in different patient samples. Obviously, no identical V H DJ H patterns were shared by cancer cells of different individual-derived IgH, but several V H DJ H rearrangements, for example, V H 1-8/D7-27/J H 4 and V H 1-18/D4-17/J H 4, were found to be used by normal cells from more than one sample (Table 2) . Moreover, we found that each V H of cancer-derived IgH showed unique V H DJ H patterns in all 5 pairs of cancer tissues. For example, in patient-1, patient-2 and patient-3, the V H 3-23 was shared by cancer cells and normal cells but was joined by totally different Ds and J H s in cancer cells compared to normal cells (Figure 3 ). These findings suggest that the unique V H DJ H patterns may have a potential role, as neoantigens, in the development of future treatments for individual patients with colon cancer.
IgG expressed by cancer cells displays different mutation hot points than normal epithelial cells
According to classical theory, the variable region of IgH undergoes an extremely high rate of SHM during B cell proliferation, producing a high affinity antibody [6] . Some Adenocarcinoma ± ± ± ± oncogenes are frequently mutated in cancer cells. Accordingly, we further investigated to determine if SHM also exists in IgH expressed by cancer cells. An IgH gene was defined as mutated if there were ≥ 2% mutations compared with the germline sequences. Any sequence with fewer mutations than that were considered unmutated [29] . We compared the SHM of V H 3-23, which was frequently used in both cancer cells and normal cells (detected in all 6/7 cases), and found that V H 3-23 in cancer cells showed significantly higher rates of mutation compared to normal cells ( Figure 4A ). Mutation hotspots of V H 3-23 showed a significant difference between IgG expressed in cancer cells and normal cells ( Figure 4B) . Similarly, V H 3-74/D6-19/J H 4 was utilized by both cancer and normal cells, but the mutant hotspots were different ( Figure 4C ).
DISCUSSION
In this study, using Ig repertoire sequencing, we explored the expression profiles and Ig repertoires of Ig heavy chains in colon cancer cells compared to colonic epithelial cells from along the surgical margin. We found that cancer cells mainly express IgG, rather than all the Ig classes expressed by normal epithelial cells. Moreover, Ig repertoires in colon cancer cells displayed several unique features, such as V H 3-7 being preferentially used. Importantly, colon cancer cell-derived Ig always displayed unique V(D)J rearrangements or mutation hot points compared to those expressed in paired normal cells. These results provide us a better understanding for the variable region characteristics of Cancer-Ig, and open a window for further studies on the role of predominant V(D)J sequences in tumorigenesis, and which might provide new targets for colon cancer therapy.
As is already known, there are 5 classes of Ig. According to our previous findings, different classes of non-B Ig display different biological activities. Under physiological condition, IgM produced by epithelial cells displays natural antibody activity [30, 31] , IgA expressed by normal skin epidermal cells has potential microbial-binding activity [9] . Under pathological condition, IgG and IgA are closely related to pro-tumor activity and the maintenance of stemness of cancer cells. As early as 20 years ago, Qiu et al [12] found that IgG was widely expressed in many types of cancer cells; the cancer- derived IgG could promote growth and survival of cancer cells. Recently, they found that an unique IgG, with a novel sialylated modification in Asn162 of CH1, was widely expressed in cancer stem cells of epithelial cancers, and promoted tumor progression via activating integrin-FAK signaling [23, 24] . The expression of IgA by epithelial cancer cells of nasopharyngeal carcinoma and its participation in the evolution of cell cycle was confirmed by Zheng et al [15, 32] . Meanwhile, they also found Igκ light chain expression in nasopharyngeal carcinoma cells regulated by NF-κB and Activator protein 1 (AP-1) pathways [33] . Chen et al [14] , Liu et al [34] and Qiu et al [35] have confirmed that the IgG expressed by human prostate cancer, esophagus carcinoma and papillary thyroid cancer could promote tumor migration. In addition, Lee et al [36] [37] [38] developed the cancer-specific antibody RP215, which was initially produced using cell extracts of the human OC-3-VGH ovarian cancer cell line as antigen and specifically recognize almost all of the cancer cells but not normal cells. Moreover, the RP215 could specifically recognizes carbohydrate-associated epitope(s) localized in the variable region of IgG heavy chains expressed by cancer cells [36] [37] [38] . In this study, we found that unlike the paired normal colon epithelial cells which mainly expressed IgA, colon cancer cells mainly expressed IgG. These results suggest that IgG may be closely related to tumor progression of colon cancer.
We previously reported that Ig expressed in non-B cells had restricted V H DJ H patterns, especially in some cancer cells, including colon cancer cells. We found that the colon cancer cell-derived Ig usually expressed some unique V H DJ H patterns, such as the V H 5-51/D3-16/J H 4 and V H 3-15/D3-10/J H 4 by sanger sequencing [25] . NGS of the immune repertoire allows for the sequencing of millions of V(D)J sequences in parallel, and has a wide use in immune repertoire analyzing nowadays. In this study, using primers with IR-Seq that were different from our previous primers, we not only detected V H 5-51/D3-16/J H 4 in cancer cells of 3 samples, but more unique Ig V H DJ H patterns were also seen in colon cancer cells. The cancer cells tended to utilize proximal V H genes such as V H 3-7 and V H 3-23, but with different Ds and J H s connected to the V H segments. Several rearrangements of the sequences were predominant in cancer cells, such as V H 3-7/D3-22/J H 5, V H 3-23/D4-4/J H 5, and V H 3-13/D3-9/J H 6, but there were few common advantage V H DJ H rearrangements shared between different patients, increasing the importance of individualized analysis and treatment plans in the future according to the characteristics of Cancer-Ig variable regions. More importantly, the SHM sites were totally different between cancer cells and normal cells in the same individual and the same V H DJ H rearrangement, such as V H 3-74/D6-19/J H 4, suggested that this difference contributed to the growth of cancer cells.
In summary, our results confirmed that the Cancer-Ig repertoire is biased with SHM, indicating its potency as a target in individualized treatment. Sequencing the Ig repertoire opens a window for deeper understanding and new diagnostics of colon cancer, which will hopefully help the development of new molecular targets for this disease. [26] , colon cancer cells and normal epithelial cells. Each rectangle represents a unique V-J-CDR3 nucleotide sequence and the size denotes its relative frequency. Colors for each rectangle are chosen randomly and, thus, do not match between plots; B: The distribution of V H s expressed in cancer and normal epithelial cells; C: The utilizations of V H s in cancer and normal epithelial cells. The order of V H s on the X-axis corresponds to its position on a chromosome; D: Utilizations of 7 V H and 6 J H families in cancer and normal cells from patients with colon cancer (red and blue columns), and B cells from peripheral blood of a healthy donor [28] (orange columns). Small horizontal lines indicate the mean ± SEM. All data comparing cancer with normal cells were determined by the two-tailed unpaired Student's t-test and none of the differences were significant (P > 0.05). The percentage of V H and J H families in B cells (D) was derived from the data from other sources [28] ; thus, statistical analysis was not performed. 
Research motivation
In our previous work, we have found that colon cancer cells can overexpress the IgG compared to normal colonic epithelial cells, but it remains unclear if the colon cancer cell-derived Ig repertoire display unique feature compared to its counterpart normal cell-derived Ig, and whether the unique feature is potential for colon cancer target therapy.
Research objectives
In this study, we used Ig repertoire sequencing (IR-Seq), which allows for the sequencing of millions of V(D)J sequences in parallel, to investigate the Ig repertoire features expressed in human colon cancer cells.
Research methods
We first sorted EPCAM + colon cancer cells and EPCAM + normal colonic epithelial cells from corresponding noncancerous tissues as control. Then, using IR-Seq, the expression profile of Ig, V H DJ H gene usage of Ig heavy chain (IgH) and somatic hypermutation (SHM) feature in Ig variable region were detected.
Research results
We surprisingly found that comparing to the control normal cells, Ig expressed by colon cancer cells had a significant tendency to choose IgG among the five Ig classes. Furthermore, unlike B-Ig that can generate nearly great diversity, the non B-Ig from either colon cancer or normal epithelial cells showed restricted V H DJ H rearrangement patterns. However, comparing to normal cell-derived V H DJ H rearrangement patterns, cancer cell-derived V H DJ H patterns displayed unique feature, including the usage of V H , D and J H gene, and the SHM feature.
Research conclusions
We found that colon cancer cells could frequently express IgG and unique IgH repertoires, which may be involved in carcinogenesis of colon cancer. The unique IgH repertoire has the potential to be used as a novel target in immune therapy for colon cancer.
Research perspectives
These findings suggest that distinguishing the distinctive mutation sites of cancer cell-derived Ig from normal cell-derived Ig can help finding new target for precise treatment of patients with colon cancer.
